Fractal analysis of shape of ice crystal particles in frozen fish meat (yellowfin tuna) was carried out by using the technique of image analysis. From a microscopic image of the ice crystal particles, it was confirmed that the perimeter of ice crystal particles could be characterized as a fractal and the fractal dimension of perimeter was evaluated. Effects of the storage time and storage temperature on the fractal dimension (dp) of the perimeter of the ice crystal particles were also investigated. With increase of the storage time, the dp value tended to decrease. The higher the storage temperature, the more rapidly the value of dp decreased. The changes were in agreement with the visual observation of the shape change for the ice crystal particles reported by many researches, indicating that the fractal dimension dp can be used as a quantitative index reflecting the surface roughness of ice crystal particles.
Introduction
The natures of ice crystals, such as shape and size, can have great influence on textural and physical properties of many frozen foods. Understanding these natures is important not only for quality control of frozen foods but also for proper design of many freeze-related processes. Many studies have been investigated the natures of ice crystals formed in various kinds of foods. It is well-known that rapid freezing rather than slow freezing results in small size ice crystals in frozen foods [1, 2] . It has been also shown that average size of ice crystals increases during storage by recrystallization, which is dependent upon storage period and storage temperature [3] [4] [5] [6] [7] [8] [9] .
In most of these studies, however, only the size and the number of ice crystals were investigated. It is reasonable that the shape of the ice crystals is also one of the factors influencing the properties of frozen foods and freeze-related process. One of the examples is the texture and organoleptic characteristics of frozen dessert such as ice cream and popsicle [10] ; it is pointed out that smooth, rounded crystals flow across each other easily and give a smooth texture, whereas crystals with jagged edges do not flow nearly as well and may result in a stiffer, more brittle texture [10] . Another example is freeze concentration process; the crystals with smooth surface rather than rugged one are required to reduce the loss of solutes adhering to the surface. Therefore Since Mandelbrot proposed the concept of fractal in 1975 [13] , fractal analysis has been recognized as a quantitative analytical method that can characterize many kinds of irregular shape in nature when they have self similarity [14] [15] [16] . According to the fractal concept, the degree of irregularity can be estimated by the non-integer fractal dimension. In general, the higher the fractal dimension, the more rugged the object is. In these days, the fractal concept has been also utilized for characterization of the structure of food materials, such as instant coffee particle 
Microscopy observation
The frozen samples were processed by the freeze fixation method as the preceding study [5, 8, 28] . After the fixation, the sample was stored at room temperature for 1 day, and washed in water and embedded in melted gelatin [28, 34] .
The embedded sample was sliced into 5-10µm thick specimens with freezing microtome. The direction of slicing was perpendicular to the muscle fiber, which was in same manner as most of preceding researches of recrystallization behavior in myosystem [2, 4, 5, 8] . Only the specimen located at the same distance from the initial surface was used for observation. perimeter, dp (1), is determined using Eq.
(1) from the slope of the plot of log Sp vs. log Lp:
Sp • ‡ Lp 2/dp (1) For regular forms such as circles or squares, the value of dp is 1. When the outline morphology is more complicated and has self-similar characteristics, dp takes a non-integer value between 1 and 2 [14] . The more rugged the perimeter line is, the higher value dp takes [14] . To evaluate dp value adequately by using the area-perimeter method, many ice crystal particles with different size should be analyzed. Numbers of ice crystal particles analyzed per one image were more than 100. Lp: perimeter (outline) length for the ice crystal particle, Sp: area surrounded by the outline.
And the apparent diameter for each ice crystal, which was defined as a diameter of a circle having the equivalent - at -5•Ž, the value of dp decreased to 1.09 after 80 days storage.
Discussion
The fractal dimensions dp for all of the samples were greater than 1. This indicates that the outlines of the ice crystal particle in yellowfin tuna have self similar geometric, i. e. fractal [14] . In previous study [28] , we have already shown that the outlines of ice crystal particles in soybean curd are also fractal. From these aspects, it is suggested that the fractal nature of ice crystal particles may be common property for many kinds of frozen foods. It has been observed that the ice crystal particles take various shapes, depending on freezing condition [3, 35] . Under different conditions, ice crystal particles are expected to have different fractal dimension from those in this study.
It has been observed that the shape of ice crystals in frozen food becomes rounder during storage by the recrystallization process [3, 10]. Bevilacqua and Zaritzky explained that this phenomenon was caused by the movement of water molecules from the more convex surface region, where free energy of the molecules is greater, and by simultaneous deposition of the molecules on the concave or less convex region [4] . According to the fractal concept, decreasing the value of dp in Fig. 5 indicates that the outline of ice crystals become smoother with increase of storage time and that rate of the smoothing process is larger at higher storage temperature, which is in agreement with the reported results of a smoothing of ice crystal particles by the recrystallization [3, 10] . Therefore, the decrease in value of dp during storage would be a reflection of this rounding process, indicating that the fractal dimension dp can be used as a quantitative index reflecting the surface roughness of ice crystal particles. As a parameter for estimating surface texture of particle, shape index, such as the degree of circularity or the surface shape factor, are known [36] [37] [38] . In the field of powder technology, these parameters are considered as a standard index of surface roughness of powder particle. There have been little studies that applied them for ice crystal particles, though. The fractal dimension may be a potential standard parameter for estimating surface roughness of particle. We observed here the section of yellowfin tuna meat, of which the direction of sectioning was perpendicular to the muscle fiber in same manner of preceding studies [2, 4, 5, 8] . It was reported that the existence of the parallel, elongated, cylindrical structure like muscle frequently affected the direction of ice crystal growth; sometimes ice crystals were seen like long parallel spears when a longitudinal section of the parallel structure was observed [3] . Thus, if we observe the longitudinal section slide of the yellowfin tuna muscle meat, the ice crystal will show different form from that in this study and may take different dp value.
Observing the ice crystals from various directions will lead to better understanding of the shape of ice crystals.
In this study, to obtain the value of dp, we used the areaperimeter method. Another method is sometimes used, which is often called the divider method based on the prin-ciple of changing coarse-graining level [14, 32] . According to the method, the perimeter is converted to a polygonal approximation using different slide lengths r and the total number of slides N (r) is counted. Then, the value of dp is evaluated using following equation.
•¬ (2) A merit using this method is that information about scale length at which fractal relation holds is also available by checking the range of r where the equation (2) holds.
However, it is pointed out that this method requires the specific procedure mentioned above, which many of image analysis softwares usually do not support [31] . On the contrary, the area-perimeter method used in this study requires only the data set of length of perimeter Lp and the area surrounded by the perimeter Sp and is easier to check the fractal properties and evaluate the value of dp than the method of changing coarse-graining level [31] .
From the point of easiness to evaluate dp, the area-perimeter method used in this study has an advantage over the divider method, although the information about scale length is difficult to obtain.
Conclusion
By using the fractal analysis, the shape of ice crystal particles in fish meat (yellowfin tuna) was characterized quantitatively. The shape change during storage could be described by the fractal dimension, which agreed well with the visual observation of ice crystal particles as reported by past researches. It is suggested that the fractal nature of ice crystal particles are common property for many kinds of frozen foods and that the fractal analysis is a useful tool to evaluate the shape of ice crystals for frozen food. By recognizing the fractal nature of ice crystals, physical properties of frozen foods may be better understood in future. Further study to reveal the relationship between the fractal dimension of ice crystal and physical properties of frozen food should be done. 
